Abstract Five types of coaxial injectors were investigated experimentally using hot hydrogen-rich gas and oxygen-rich gas, which were respectively provided by a GH 2 /GO 2 hydrogen-rich perburner and a GH 2 /GO 2 oxygen-rich preburner. The injectors were the shear coaxial injector, the oxidizer post expansion coaxial injector, the fuel impinging coaxial injector, the central body coaxial injector, and the shear tri-coaxial injector. The characteristic velocity efficiency and the combustor's wall temperatures were obtained for different design parameters through the experiments. It can be concluded that angles of the oxidizer post expansion and the fuel impinging have little influence on the combustion performance and the wall temperatures. The contact area between fuel and oxidizer and the mass flow rate have significant impacts on the combustion performance. The shear tri-coaxial injector has the best combustion performance but also the highest wall temperatures among the five types of injectors.
Introduction
Gas-gas injection 1 has been considered as a key technique for the development of full flow stage combustion (FFSC) cycle engines. Without any atomization and evaporation, the combustion process of the gas propellant is relatively simple and high combustion efficiency can be easily achieved. 2, 3 If a single injector with a high mass flow rate can keep high combustion performance at certain characteristic length, the number of injectors required can be decreased effectively, thus reducing the cost on the fabrication of the engine.
Some Japanese researchers 4, 5 expected to reduce engine costs through decreasing the number of injectors in their studies on the engines of LE-5B and LE-7A. In the European researchers' work [6] [7] [8] [9] , shear tri-coaxial injectors were used for a gas generator, and the number of injectors significantly decreased. Vaidyanathan et al. 10 believe that a hydrogen impinging injector can enhance combustion performance. They think that it combines the fine faceplate thermal protection of a shear coaxial injector with the good mixing performance of an impinging injector. The research was not aimed at high mass flow rate injectors. Instead, it gave a feasible way for future development. Moreover, they carried out an optimal design for the injector.
Refs. 11,12 developed a series of research on an oxygen post expansion injector and a multi-hole injector. They found that the injectors could achieve a high combustion performance at high mass flow rate conditions when oxygen with large momentum hit hydrogen. The heat load of the combustor, however, was higher than that of the shear coaxial injector. So far, no experimental data has directly proved that the oxygen post expansion injector has a good combustion performance. Additionally, an ablation occurred in the test for the multi-hole injector due to poor thermal protection. The simulation [13] [14] [15] [16] , experiment, and optimization research on the shear tri-coaxial injector with gaseous hydrogen and gaseous oxygen (GH 2 /GO 2 ) at ambient temperature were developed by Du et al. They believe that this injector can acquire a high characteristic velocity efficiency at a high mass flow rate.
For an FFSC engine, the propellants in the combustor inlet are hot hydrogen-rich gas and oxygen-rich gas (hot propellants), which are generated by the hydrogen-rich and oxygenrich preburners. Because of the complex experimental system, relevant studies are focused on gas-gas injectors using GH 2 / GO 2 as propellants. Compared with GH 2 /GO 2 propellants, hot propellants have different compositions (such as water), higher temperature, higher volume flow rate, and higher injection velocity in the same injection area. As a result, the combustion performance and the wall heat flux in the hot propellant case are different. Marshall et al. 17 used both hot hydrogen-rich gas/oxygen-rich gas generated from preburners and GH 2 /GO 2 to study gas-gas injectors. They found that the maximum heat flux level was about twice as that in the hot propellant case. Benchmark 18 quality data were provided for the CFD code through their effort. Moreover, the experiment results obtained from the hot propellant cases were used to validate the CFD code so as to improve the injector design tool.
In recent years, a large number of studies on gas-gas injectors have been performed, but many insufficiencies exist as well. First of all, no explicit conclusions indicate which style of injectors has the best performance. Secondly, few research has been conducted on injectors that use hot propellants; especially those injectors with a high mass flow rate. For these reasons, this research developed experiments for various types of injectors in a single-element chamber using hydrogen-rich and oxygen-rich gas as propellants. The types of injectors used in the experiments were the shear coaxial injector, the oxidizer post expansion coaxial injector, the fuel impinging coaxial injector, the central body coaxial injector, and the shear tricoaxial injector, respectively. The influences of injector types and mass flow rates on the characteristic velocity efficiency and the combustor heat load were studied in the work.
Experimental facility

Experimental system
The experimental system schematic is shown in Fig. 1 . 19 The gas supply system can provide hydrogen, oxygen, nitrogen, and air. Nitrogen is used to purge the pipe, and air is supplied for the pneumatic resonance igniter. The main experimental facilities consist of the hydrogen-rich preburner, the oxygenrich preburner, and the single-element gas-gas combustor, when three pneumatic resonance igniters are used to ignite the propellants for them respectively. GH 2 and GO 2 are firstly combusted in the preburners to product hot hydrogen-rich gas and oxygen-rich gas, and then hot gases are injected into the combustor.
Igniter
In the experimental system, propellants are gaseous hydrogen and gaseous oxygen, and both the preburners and the combus- tor are ignited by the pneumatic resonance igniters. The scheme of the igniter is shown in Fig. 2 . Note that air is used as the resonance gas.
Oxygen-rich preburner
In the FFSC system, a large amount of oxidizer with only a little fuel is injected into the oxidizer-rich preburner; therefore, the mixture ratio of the oxidizer to the fuel is very high. It is very difficult to ignite, maintain combustion, and prevent the walls from oxidation. In the present work, the zonal combustion is employed to solve the problems mentioned above. All the hydrogen is injected into the preburner through the igniter, and the oxygen injectors distribute around hydrogen. In the scheme, the igniter works not only as an igniter, but also as a hydrogen channel. The injection scheme and the oxygen-rich preburner photo for the experiments are shown in Fig. 3 .
Hydrogen-rich preburner
In the hydrogen-rich preburner, the mixture ratio is low. The major difficulty in design is the reliability of ignition. In practice, the shear tri-coaxial injector is used as shown in Fig. 4(a) . The torch flame is injected through the central channel at the first stage, and then hydrogen is injected. There is another channel for hydrogen outside of the annular channel, while oxygen is injected through the annular channel between the central and the outside hydrogen channels. A photograph of the hydrogen-rich preburner is shown in Fig. 4(b) .
Combustor
The combustor with a single gas-gas injector is shown in Fig. 5 . The material of the injector is 1Cr18Ni9Ti, with nickel coating on the wall to prevent oxidation. The combustor is made of copper without a cooling system. It consists of two parts: an inner sleeve and an outer jacket. These two parts can be replaced for different mass flow rates. The nozzle is made of W7Cu. Temperature sensors are fixed in the outer jacket with their tips contacting the outside wall of the inner sleeve. The outside wall temperatures of the inner sleeve along the combustor's axis are measured in the experiments to evaluate the heat load of the combustor.
Types and parameters of the injectors
The shear coaxial injector has a simple structure and very good performance on thermal protection for the faceplate in gas-gas combustion, so it has attracted a lot of attention from rocket designers. In this work, five types of coaxial injectors are adopted, which are the shear coaxial injector, the oxidizer post expansion coaxial injector, the fuel impinging coaxial injector, the central body coaxial injector, and the shear tri-coaxial injector.
Structures of the injectors are shown in Fig. 6 , where a represents the expansion or impinging angle. Effects of the mass flow rate and the injector design parameters on the combustion performance are studied. Simulation results of these injectors can be seen in Ref. 16 . This study aimed at obtaining the combustion performance and the combustor heat load for the five types of injectors, and finding which injector can keep high performance under high mass flow rate conditions. These injectors except the shear coaxial injector are divided into two classes. One includes the oxidizer post expansion coaxial injector and the hydrogen impinging coaxial injector, which, compared with the shear coaxial injector, have a spray angle and maintain a simple structure. The other includes the central body coaxial injector and the shear tri-coaxial injector, compared with the shear coaxial injector, have a large propellant contact area, but with a complex structure. As for high liquid density, the size of the gas-liquid injector is small, so the accuracy of fabrication and assembly has great influence on propellant flow area. The cost of fabrication will be very expensive for these complex injectors. The hydrogen-rich/oxygen-rich gas-gas injectors are relatively easy to fabricate because of high volume flow rate and large flow area, which results lower accuracy requirement of fabrication. Some gas-gas injectors used in the experiments are shown in Fig. 7. 
Parameters of the injectors and the combustors
Hydrogen-rich gas and oxygen-rich gas are respectively generated by the hydrogen-rich preburner and the oxygen-rich preburner. The mixture ratio of the oxygen-rich preburner (R O ) which provides 676 K oxygen-rich gas is 320. The mixture ratio of the hydrogen-rich preburner (R H ) providing 758 K hydrogenrich gas is 0.45. Values of the mass flow rate _ m and the corresponding sizes of the combustor are show in Table 1 . The subscripts C, O, and H represent the combustor, oxygen-rich gas, and hydrogen-rich gas, respectively. D C , D CO , and D T are the combustor's inner diameter, the inner sleeve's outer diameter, and the throat's inner diameter. Values of the benchmark parameters are shown in Table 2 . There is no recess of the injector posttip. D P is the oxidizer pressure drop ratio, R V is the velocity ratio of the fuel to the oxidizer, W O is the thickness of the injector posttip, R M is the mass flow rate ratio of the central fuel to the total fuel in the shear tri-coaxial injector. 
Evaluation objects
The characteristic velocity efficiency is selected to indicate the combustion performance, and the wall temperatures T of the combustor are to indicate the heat load. Typical experimental results are shown in Fig. 8 . The test lasted for 2 s. Approximately 0.3 s after starting up, the combustor pressure P C became stable, which could be used to calculate the characteristic velocity efficiency. The actual characteristic velocity C Ã Exp is given by:
where A t is the area of the throat.
The theoretical characteristic velocity C Ã Th is given by:
where k Th is the theoretical gas balance constant, R Th the universal gas constant, and T Th the theoretical temperature. All of them are obtained from thermodynamics calculations. The combustion efficiency g can be expressed as:
3. Discussion
Effects of the expansion angle on the combustion performance and the wall temperatures
The experimental parameters for the oxidizer post expansion coaxial injector with different angles are shown in Table 3 , where R O , R H , R C are the mixture ratios of oxygen-rich preburner, hydrogen-rich preburner, combustor respectively. Tests were repeated three times for the same angle, and the parameter values were average values. Because of the hot propellants' energy loss flowing from the preburner to the combustor, the temperatures of the hydrogen-rich gas and the oxygen-rich gas did not reach the design values, which resulted in low characteristic velocity efficiency at each angle even for the shear coaxial injector, as shown in Table 3 . Result shows that the expansion angle has a negative impact on the combustion performance. The effects of the oxidizer post expansion angle on the characteristic velocity efficiency and the wall temperatures are shown in Fig. 9 . Some errors exist in the temperature measurements for such reasons as vibration and loose contact of sensors. The temperature curves are irregular, but Table 2 Benchmark parameters of the injectors.
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Fig . 8 Typical parameters in the experiment. Table 3 Experimental results of the oxidizer post expansion coaxial injector.
Expansion angle (°) Oxygen-rich preburner Hydrogen-rich preburner Combustor Fig. 9 Effects of the expansion angle on the combustion performance and the wall temperatures.
they do not affect the analysis of the overall tendency. It can be seen in the figure that the characteristic velocity efficiency declines slightly when the oxidizer post expansion angle increases. Compared with the shear coaxial injector, the wall temperatures increase slightly as the expansion angle increases. Little difference in the wall temperatures indicates that the heat transfer does not have significant influence on the characteristic velocity efficiency. It shows that the oxidizer post expansion angle has negative effects on the wall temperatures. Besides the combustion performance, the wall temperatures of the combustor are also related to the flow situation and the distance between the combustion region and the combustor wall. It is not precise enough to assess combustion performance just by wall temperatures as pointed out in Ref. 12 . The expansion of the oxidizer means the oxidizer impinging the fuel in the paper. In the gas/liquid or liquid/liquid injector, the impinging between the oxidizer and the fuel is beneficial to atomization and mixing. Therefore, it has significant effects on the combustion performance. In the gas/gas injector, combustion occurs in the contact surface between the fuel and the oxidizer, and the expansion of the combustion product goes against the mixing, thus the impinging does not improve the combustion performance significantly.
Effects of the impinging angle on the combustion performance and the wall temperatures
The experimental parameters of the fuel impinging coaxial injector at different angles are shown in Table 4 . The influences of the fuel impinging angle on the characteristic velocity efficiency and the wall temperatures are shown in Fig. 10 . From the results in Table 4 and Fig. 10(a) we can know that the characteristic velocity efficiency changes a little as the angle increases, and the values are almost equal to those of the shear coaxial injector. However, the characteristic velocity efficiency slightly increases when the angle reaches 30°. It seems that there would be better combustion performance at certain angles, which needs more research to prove. In the gas/liquid or liquid/liquid injector, the fuel and the oxidizer progressively mix in the progress of atomization and evaporation. The process of the fuel impinging the oxidizer improves the mixing performance and then strengthens the combustion. In the gas/gas injector, the propellants start to burn once they contact, and diffusion of the combustion products at the contact surface hampers further combustion to some extent. The combustion performance improves little if hydrogen can't pierce through the combustion surface. Results in Fig. 10(b) show that as the impinging angle increases, the wall temperatures increase and the temperatures in the rear part are higher than those of the shear coaxial injector. This may be caused by the reflection of the fuel for impinging the oxidizer. It indicates that increasing the impinging angle would heighten the heat load of the combustor. Like the oxidizer impinging the fuel in the gas/gas injector, mixing improves slightly by the fuel impinging the oxidizer, thus effects of the impinging angle on the combustion performance and the heat load are not significant.
Effects of the contact area between the fuel and the oxidizer on the combustion performance and the wall temperatures
The experimental parameters of the shear coaxial injector, the central body injector, and the shear tri-coaxial injector are shown in Table 5 . The wall temperatures of the combustor are shown in Fig. 11 . Compared with the combustor using the shear coaxial injector, the experiment results prove that the combustors with the central body injector and the shear tri-coaxial injector can achieve better combustion performance. In the shear tri-coaxial injector, the fuel can be divided into two parts: one is injected from the injector's center, while the other is injected from the outer annular channel. The oxidizer is injected from the channel between the center and the Table 4 Experimental results of the fuel impinging coaxial injector.
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outer channel. There are two characteristics. Firstly, it has two combustion surfaces which can increase the contact area, thus strengthening the combustion and improving the performance. Secondly, the thickness of the oxidizer layer is thin when the oxidizer is injected from the annular channel, and the combustion advances from the inner and outer fuel to the oxidizer, which strengthens the mixing and improves the combustion performance. Thus, the shear tri-coaxial injector has good performance for these features. The central body injector also increases the contact area, and has better performance than the shear coaxial injector. From the results in Fig. 11 we can see that the wall temperatures of the combustor with the shear tri-coaxial injector are higher than those of the combustor with the central body injector. The characteristic velocity efficiencies of the two injectors are almost the same as shown in Table 5 . It indicates that the combustor with the shear tricoaxial injector has better performance. The wall temperatures of the combustor are relevant to the combustion and flow situation. When the propellants burn well, the temperature of the products and the heat flux will increase, so will the wall temperatures. Moreover, the wall temperatures are also influenced by the distance between the combustion region and the combustor wall. When the main combustion region is close to the combustor wall, the wall temperatures will reach higher values. The combustors with the shear tri-coaxial injector and the central body coaxial injector have very good performances, so the combustor walls suffer severe heat loads. At the same time, the sizes of the two injectors are large because of the central part. Meanwhile, the combustion surfaces are close to the combustor walls, which is another reason for high wall temperatures. Additionally, in the shear tri-coaxial injector, a part of the fuel is injected from the injector's center, the fuel in the outer channel decreases, and protection of the combustor wall from the outer fuel is weakened, so the combustion surface is more likely to be close to the chamber wall. As a result, the combustor with the shear tri-coaxial injector has a large heat load.
Effects of the mass flow rate on the combustion performance and the wall temperatures
Characteristic velocity efficiencies of those five types of injectors under different flow rate conditions are shown in Table 6 . The influence tendency of the mass flow rate on the characteristic velocity efficiency is shown in Fig. 12 . When the mass flow Table 5 Experimental results of the shear coaxial injector, the central coaxial injector, and the shear tri-coaxial injector.
Injector Oxygen-rich preburner Hydrogen-rich preburner Combustor Fig . 11 Wall temperatures with the shear coaxial injector, the central coaxial injector, and the shear tri-coaxial injector, respectively. Fig . 12 Influence tendency of the mass flow rate on the characteristic velocity efficiency.
rate increases, the characteristic velocity efficiency of each injector decreases. As the mass flow rate increases from 339 g/s to 565 g/s, the shear tri-coaxial injector has the least drop among the five types of injectors, and the efficiency decreases from 97.6% to 95.1%. The central body injector has the second smallest drop, and the efficiency decreases from 97.6% to 92.8%. When the mass flow rate is 226 g/s, the efficiency of the shear coaxial injector is 96.2%, which obviously decreases to 89% when the flow rate increases to 339 g/s. At the same time, efficiencies of the oxidizer post expansion coaxial injector and the fuel impinging injector are also about 89%. When the mass flow rate increases to 452 and 565 g/s, efficiencies of the three types of injectors mentioned above decline to 83% or so. It shows that these injectors can't work well under high mass flow rate conditions.
Effects of the mass flow rate on the wall temperatures are shown in Fig. 13 . It can be seen that the curves have a peak value of temperature in front of the combustor. When the combustion is intense in the combustor or the combustion region is close to the combustor wall, the heat flux is large and the wall temperature will rapidly increase. 20 There exists an obvious high temperature combustion region for the backflow near the faceplate, and the region is close to the chamber wall, which causes the peak temperature. When the mass flow rate is 339 g/s, the peak position is 28 mm away from the faceplate, and the position moves backward to 43 mm away when the flow rate rises to 452 and 565 g/s. It indicates that the high temperature combustion region moves backward, so the combustor length for accomplishing the combustion increases. The measured temperature peak may not exactly be the actual value, because no thermocouples are installed within 28 mm and there is a 15 mm interval between thermocouples. It is undoubted that the distance between the temperature peak and the faceplate would increase when the mass flow rate increases. From the curves of the wall temperatures at the same mass flow rate, we can see that the wall temperatures of the shear coaxial injector, the oxidizer post expansion coaxial injector, or the fuel impinging coaxial injector are lower than those of the central body coaxial injector or the shear tri-coaxial injector, which means that the heat losses of the three injectors are lower. It proves that low characteristic velocity efficiencies are caused by incomplete combustions. They can't keep a high performance at a high mass flow rate with the parameters designed in this study. In contrast, the combustor with the shear tri-coaxial injector has the best performance, and it still maintains a high efficiency even the mass flow rate is over 700 g/s. All the above prove that the shear tri-coaxial injector is an effective injector for high flow rates. However, it can be noted that the shear tri-coaxial injector makes the combustor wall suffer high heat loads.
Conclusion
Using hydrogen-rich gas and oxygen-rich gas as propellants, five types of coaxial injector are studied experimentally. The conclusions are as follows:
(1) The propellant expansion or impinging angle has only a little influence on the combustion performance. The characteristic velocity efficiencies of the oxidizer post expansion injector, the fuel impinging coaxial injector, and the shear coaxial injector are all about 89% at the mass flow rate of about 350 g/s. The oxidizer expansion angle and the fuel impinging angle both fail to improve the combustion performance; instead, they have the wall temperatures and the combustor heat loads increased. (2) The propellant contact area has a significant influence on the combustion performance. The characteristic velocity efficiencies in the combustor with the shear tri-coaxial injector and the central body coaxial injector are both over 97% at the mass flow rate of about 350 g/s. Although they have complex structures, the fabrication is not difficult for high volume flow rates of gas propellants. (3) Increasing the mass flow rate weakens the propellant mixing as well as the combustion. The efficiencies of all types of injectors decrease when the mass flow rate Fig. 13 Effects of the mass flow rate on the wall temperatures.
increases. When the mass flow rate is 229 g/s, the efficiency of the shear coaxial injector is up to 96.2%. When the mass flow rate increases from 339 to 565 g/s, efficiencies of the shear coaxial injector, the oxidizer post expansion injector, and the fuel impinging injector decrease from 89% to 83%, and the efficiency of the central body coaxial injector decreases from 97.5% to 92.8%, while the efficiency of the shear tri-coaxial injector is still over 95%. The shear tri-coaxial injector can keep a high combustion performance at a high flow rate. It is worth to be noted that the heat load of the combustor also rises for a better combustion performance and less fuel near the chamber wall.
